Inductively coupled plasma reactive ion etching of gallium indium zinc oxide (GIZO) thin films patterned with a photoresist was studied using a Cl 2 /Ar gas. As the Cl 2 concentration was increased from pure Ar to 40% Cl 2 concentration, the etch rate of GIZO films increased, and thereafter gradually decreased. The etch rate increased with increasing coil rf power and dc bias voltage. A high degree of anisotropy was achieved with increasing coil rf power and dc-bias voltage, and decreasing gas pressure. X-ray photoelectron spectroscopy of the etched films revealed that chemical compounds were formed during the etching process, indicating that the etching of GIZO films is governed by a reactive ion etching mechanism. #
Introduction
Transparent conducting oxide (TCO) thin films including indium tin oxide (ITO), indium zinc oxide (IZO), zinc oxide (ZnO), tin oxide (SnO), and gallium indium oxide (GIO) have been widely used as transparent electrodes in flat panel displays such as thin-film transistor liquid crystal display (TFT-LCD) and thin-film electroluminescent (TFEL) display devices. 1, 2) Recently, high performance TFTs with amorphous gallium indium zinc oxide (a-GIZO) channel layers deposited by physical vapor deposition has been reported. [3] [4] [5] These a-GIZO TFTs prepared on flexible substrates by a low temperature process showed high mobility (>10 cm 2 V À1 s À1 ) and an excellent subthreshold gate swing (0.01 V/decade) with reasonable I on/off ratio even in the amorphous phase. 6, 7) In order to realize a-GIZO TFTs, etching of GIZO thin films needs to be developed with fine geometry. Wet etching studies of GIZO thin films have been reported in the literature 7) but investigation of dry etching has yet to be reported. In the case of wet etching, undesirable results including severe undercut and low slope of the etched sidewall are often obtained, and it is difficult to control the etch uniformity of a large wafer. In recent studies, it was reported that ZnO, ITO, and IZO thin films were etched by using Cl 2 , HBr, IBr, BI 3 , and CH 4 /H 2 plasmas. [8] [9] [10] [11] [12] [13] In the present study, the etching of GIZO thin films patterned with a photoresist (PR) was investigated using an inductively coupled plasma reactive ion etching (ICPRIE) system. The Cl 2 concentration in Cl 2 /Ar gas and other etch parameters were varied to examine the etch characteristics and etch mechanism of GIZO films. Atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) of the etched surfaces were performed to elucidate the etch mechanism of GIZO thin films in a Cl 2 /Ar gas.
Experimental Procedure
GIZO thin films were prepared on a Si substrate by a rf magnetron sputtering method and the films were patterned by a lithography process using a photoresist of 950 nm thickness. The etching of these films was carried out using a commercial ICPRIE equipment (A-Tech, Korea) that can generate a high density plasma. The ICPRIE system consists of a main process chamber and a load lock chamber. The coil, which was installed at the top of the main process chamber, was connected to a 13.56 MHz rf power supply to generate high density plasma. A self dc bias voltage induced by rf power at 13.56 MHz was capacitively coupled to the substrate susceptor to control the ions' energy in the plasma. The main process chamber was evacuated by a turbomolecular pump to a base pressure of ð2 { 3Þ Â 10 À6 Torr. The substrate susceptor was cooled by chilled fluid maintaining a constant temperature of 15 C and the substrate was then cooled through cold helium gas filled between the substrate and susceptor.
The Cl 2 /Ar gas mix was used as an etch gas and fed into the main chamber at a rate of 30 sccm. The etch rates and etch profiles of the GIZO thin films were explored by varying the Cl 2 gas concentration. In addition, the effects of etch parameters on the etch rate and etch profile were investigated. The main etch parameters used in this study were coil rf power, dc bias voltage to substrate, and gas pressure.
An alpha step (Tencor P-1) was used to measure the etch rates. The etch profiles were observed by field emission scanning electron microscopy (FESEM). The surface morphology and surface chemistry of the etched films were observed using AFM and XPS to elucidate the etch mechanism of GIZO films in Cl 2 /Ar plasma. Figure 1 shows the etch rate of GIZO thin films according to variation of the Cl 2 concentration in Cl 2 /Ar gas. The etch conditions were fixed at a coil rf power of 700 W, dc bias voltage to substrate of 200 V, and gas pressure of 5 mTorr. As the Cl 2 concentration was increased from 0% (pure Ar) up to 40% Cl 2 , the etch rates of GIZO and PR films increased due to the increased chemical reaction of Cl radicals with GIZO thin films. Beyond 40% Cl 2 concentration, the etch rate of GIZO films gradually decreased due to reduced sputtering by Ar ions, despite the increase of chlorine radicals. It is clear from Fig. 1 that the etching of GIZO thin films in the Cl 2 /Ar plasma follows a reactive ion etching mechanism. The etch mechanism of GIZO films can be classified into two distinct parts: a part dominated by chemical reaction, and another controlled by ion sputtering.
Results and Discussion
FESEM micrographs of GIZO thin films etched at various Cl 2 concentrations are shown in Fig. 2 . When GIZO films were etched under pure Ar, redeposited materials were observed around the patterns of the GIZO films because there was no chemical reaction with chlorine radicals but instead a sputtering effect by Ar ions. As the Cl 2 gas was added, the redeposited materials around the etched patterns disappeared but the sidewall slope of the etched patterns became slanted. This is because chemical reaction of GIZO films with chlorine radicals took place and lateral attack by chlorine radicals increased so that the lateral etching became predominant. It is evident from Fig. 2 that high degree of anisotropy in etch profile without the redeposition was achieved at 20% Cl 2 concentration in the Cl 2 /Ar gas mix. Figure 3 presents the AFM images of as-deposited GIZO and the GIZO films etched at pure Ar, 20% Cl 2 /Ar, 40% Cl 2 /Ar, and 80% Cl 2 /Ar gas mixes. The film surfaces were scanned after GIZO thin films were etched into the depth of 600 Å . The root mean square (RMS) values for as-deposited GIZO and the GIZO films etched at pure Ar, 20% Cl 2 /Ar, 40% Cl 2 /Ar, and 80% Cl 2 /Ar gas mixes were 0.297, 0.148, 0.177, 0.272, and 1.417 nm, respectively. The surface of GIZO films etched at pure Ar was smoother than that of asdeposited GIZO film, because the physical sputtering by Ar ions made even surface smooth. As the Cl 2 gas was added into Ar gas, the etched surfaces of GIZO films became rough because the chemical reaction by chlorine radicals was increased and became dominant over the ion sputtering. These results also prove the effect of the physical bombardment and chemical reaction onto the film surfaces, depending on the Cl 2 concentration.
In order to shed light on the etch mechanism, it is meaningful to examine the etched surfaces of GIZO thin films at different Cl 2 concentrations. Figure 4 presents the XPS full spectra of as-deposited GIZO and the etched GIZO films at 20% Cl 2 /Ar, 40% Cl 2 /Ar, and 60% Cl 2 /Ar gas mixes. Bare GIZO thin films without photoresist masks were used as specimens for this analysis. Narrow scans for the peaks of Ga, In, and Zn were performed for clear understanding of etching mechanism. Figure 5(a) shows the narrow scans of the Ga 3d peaks. The peak for the as-deposited GIZO specimen indicated that the film surface is Ga rich. This is due to the very low melting point of Ga. However, the surfaces of the etched films revealed two even peaks which corresponded to Ga 2 O 3 and Ga, respectively. The Ga rich surfaces were changed to surfaces on which Ga 2 O 3 and Ga coexisted by the etching process. However, from the Ga 3d narrow scans it could not be ascertained whether there were any chemical compounds containing Ga. surface of the as-deposited specimen, and corresponded to a binding energy of 445.2 eV. For the etched GIZO specimens, the main peaks were shifted to higher binding energy of approximately 445.2 -445.6 eV and three chemical states of In were detected from these scans: right small shoulders at 444.5 eV (In) and 445.2 eV (In 2 O 3 ) and a major feature at 445.6 eV (InCl 3 ).
14) Therefore, it is reasonable to conclude that InCl 3 compound exists on the etched film surface. were shifted to higher binding energy of 1022.3 -1023 eV, indicating the existence of ZnCl 2 on the etched films. Based on the above results of the XPS analysis, In and Zn compounds containing a Cl component were formed during the etching of GIZO films in a Cl 2 /Ar gas. This confirms that the etching mechanism of GIZO thin films in Cl 2 /Ar gas followed a RIE mechanism. As the next step, the effects of etch parameters, i.e., coil rf power, dc-bias voltage to substrate, and gas pressure on the etch rate and etch profile were investigated. The standard etch conditions were 40% Cl 2 /60% Ar gas, 700 W coil rf power, 200 V dc bias voltage, and 5 mTorr gas pressure. When one parameter was varied, the other parameters including gas concentration were fixed. Figure 6 shows the variation of the etch rate and etch profile as the coil rf power was increased from 500 to 900 W. As the coil rf power was increased, the etch rates greatly increased and the sidewall slopes of the etched patterns became steeper. These etch results are due to the increase of Ar ions and chlorine radicals by the increase of the plasma density at high coil rf power. With an increase of dc bias voltage, the same tendencies as observed for coil power variation were obtained. The etch rates rapidly increased and the etch profiles became vertical with an increase of dc bias voltage from 100 to 300 V, as shown in Figs. 7(a) and 7(b) . This is attributed to the increased bombardment energy of Ar ions at high dc bias voltage. The dc-bias voltage as a parameter can control the ions' bombarding energy onto the GIZO films and is the decisive factor in determining the etch rate and etch profile. In particular, at 300 V dc bias voltage, redeposited materials appeared along the etched patterns due to strong bombardment by Ar ions. The lack of chlorine radicals which are needed to react with GIZO films may be one of the reasons for redepositions. The high coil power and dc bias voltage resulted in a fast etch rate and a high degree of anisotropy. As the gas pressure was decreased from 10 to 1 mTorr, the etch rate slightly decreased but the etch profile showed remarkable improvement at 1 mTorr [Figs. 7(c) and 7(d) ]. This implies that the gas pressure has a strong influence on the etch profile of the GIZO thin films. Since the mean free path of ions at low gas pressure is longer than that at high gas pressure, the vertical sputtering effect is enhanced. By utilizing the results of these systematic studies of the etch parameters, a high degree of anisotropy in the etching of GIZO thin films could be achieved without any redepositions or etch residues. 
Conclusions
Dry etching of GIZO thin films patterned with a photoresist was carried out in an inductively coupled plasma of Cl 2 /Ar gas. As the Cl 2 concentration was increased, the etch rate increased and then decreased, thus showing a maximum value, and the degree of anisotropy in the etch profile gradually decreased. The etch rate and the etch slope of the etched patterns increased with increasing coil rf power and dc bias voltage. With decreasing gas pressure, the etch rate of GIZO slightly decreased but the etch profile was improved.
The surface morphologies of etched GIZO films became rough with increasing Cl 2 concentration. These results imply that the etch mechanism contains the sputtering by Ar ions and chemical reaction by chlorine radicals. The change in etch rate and surface morphology of GIZO films depends on predominant factor among ion sputtering and chemical reaction. XPS analysis revealed that In and Zn compounds containing Cl were formed during the etching of GIZO films in a Cl 2 /Ar gas. Based on the etch rates, AFM and XPS analyses, it could be concluded that the etching of GIZO thin films followed a reactive ion etching mechanism with ion sputtering and chemical reactions.
